Developing training sets for genomic prediction in hybrid crops requires producing hybrid seed for a large number of entries. In autogamous crop species (e.g., wheat, rice, rapeseed, cotton) this requires elaborate hybridization systems to prevent self-pollination and presents a significant impediment to the implementation of hybrid breeding in general and genomic selection in particular. An alternative to F1 hybrids are bulks of F2 seed from selfed F1 plants (F1:2). Seed production for F1:2 bulks requires no hybridization system because the number of F1 plants needed for producing enough F1:2 seed for multi-environment testing can be generated by hand-pollination. This study evaluated the suitability of F1:2 bulks for use in training sets for genomic prediction of F1 level general combining ability and hybrid performance, under different degrees of divergence between heterotic groups and modes of gene action, using quantitative genetic theory and simulation of a genomic prediction experiment. The simulation, backed by theory, showed that F1:2 training sets are expected to have a lower prediction accuracy relative to F1 training sets, particularly when heterotic groups have strongly diverged. The accuracy penalty, however, was only modest and mostly because of a lower heritability, rather than because of a difference in F1 and F1:2 genetic values. It is concluded that resorting to F1:2 bulks is, in theory at least, a promising approach to remove the significant complication of a hybridization system from the breeding process.
. For notational 102 simplicity this will be shortened to H F1 ijkl . In a gene-orthogonal pop-103 ulation the genotype frequencies of H F1 ijkl follow from the products 104 of the allele frequencies in Π m and Π f , e.g., the frequency of H F1
. These frequencies will be denoted by P ijkl .
106
Selfing each member of H F1 ijkl and "bulking" the progeny results 107 in a set of F1:2 bulks denoted by H F1:2 ijkl (i.e., the F2 seed from each 108 F1 is bulked separately for each member of H F1 ijkl ). With alleles 109 defined according to origin, each individual H F1:2 ijkl bulk comprises 110 16 distinct genotypes, each with genotype frequency of 1/16 when 111 assuming absence of segregation distortion. The frequencies of the 112 different H F1:2 ijkl bulks themselves are also P ijkl .
113
Consider a three by three matrix U with elements u xy equal 114 to the genotypic value of the two-locus genotypes formed by the 115 xth genotype of the 'B' locus and the yth at the 'C' locus. The 116 homozygous B 1 B 1 genotype thereby corresponds to row x = 1, 117 the heterozygous B 1 B 2 or B 2 B 1 genotype to x = 2 and the alternate 118 homozygous to x = 3, correspondingly for the C locus (see below 119 for examples). Because alleles are assumed to be identical in state 120 in both populations, it is not necessary to distinguish them by 121 origin for the purpose of describing possible genotypic values. 122 Let G F1 ijkl denote the genotypic values of the members of H F1 ijkl . The 123 rows x and columns y of U corresponding to elements in G F1 ijkl are 124 x = i + j − 1 and column y = k + l − 1. 125 Similarly, let G F1:2 ijkl denote the average genotypic values of the 126 F1:2 bulks H F1:2 ijkl . Those can also be obtained from U as the average 127 genotypic value of the possible genotypes in the bulk, weighted by 128 their frequencies, when assuming absence of segregation distortion. 129 For this purpose, the origin of the allele is again not distinguished. 130 For example, G F1:2 2212 would equal 0.25u 31 + 0.5u 32 + 0.25u 33 .
131
The correlation between G F1 ijkl and G F1:2 ijkl (cor hybrids ), a measure 132 for the similarity between both, was calculated according to the 133 standard statistical definition (e.g., Mood et al. 1973 
where homozygous effects for the B and C locus, a B and a C , and 168 heterozygous effects d B and d C are defined according to Falconer 169 and Mackay (1996) . A purely "additive model" follows by setting
Here, however, G F1 ijkl = G F1:2 ijkl in the absence of 171 segregation distortion and so cor hybrids and cor GCA are equal to one.
172
The same is the case for the "additive by additive" epistatic model 173 without dominance or epistatic interactions involving dominance 174 (Hill et al. 2008):
where z is an arbitrary constant. The "duplicate factor model" 176 involving additive and dominant gene action as well as all forms 177 of epistatic interactions (Hill et al. 2008) is
Biological interpretations and examples for the latter two models 181 are given by Holland (2001) .
182
For the duplicate and complementary epistasis models, the 183 quantities cor hybrids , cor GCA , σ 2 F1 , σ 2 F1:2 as well as the proportion of 184 SCA to total genetic variance (%sca F1 = σ 2 SCA(F1) /σ 2 F1 and %sca F1:2 = 185 σ 2 SCA(F1:2) /σ 2 F1:2 ) were evaluated across a dense grid of degree of allele 186 frequency differences between Π m and Π f for the B and C locus. 187 This difference will henceforth be referred to as "allele divergence" 188 and defined as the difference between, e.g., p B m 1 and p B f 1 , with 189 the midpoint being 0.5. Thus, at a divergence of 0.20, p B m 1 = 0.6 190 and p B f 1 = 0.4, for example. For both models, z = 1 was used. 191 Only one locus was considered for the dominance model (i.e., 192 a C = d C = 0) and in addition to the allele divergence, the degree 193 of dominance was varied from 0.0 to 3.0 (the homozygous effect 194 was kept constant at a B = 1).
195

Simulation of genomic prediction experiments 196
A comprehensive simulation of genomic prediction experiments 197 was carried out to evaluate the accuracy of genomic models fitted 198 from training data sets of F1 hybrids and F1:2 bulks for the purpose 199 of predicting hybrid and GCA performance at the F1 level. as well as the history of these populations and the heterotic pat-211 tern they form were described in previous studies (Technow et al.
212
2014a,b). For consistency sake, the Dent and Flint populations will 213 arbitrarily be referred to as "male" and "female", respectively. 
218
In the simulation, each heterotic group was represented by 40 219 biparental families. The process of how those were created will be 220 described for the male group but was followed analogously for the 221 female group. Five of the 123 male inbred lines were assigned to 222 the "high importance" group, twenty to the "medium importance" 223 group and the remaining 98 to the "low importance" group. This 224 assignment was done at random. The "high importance" inbreds 225 were given a weight of 0.1, the "medium importance" inbreds a 
247
Simulation of genetic architecture 200 loci were defined to be QTL 248 with direct influence on a generic complex trait. Those loci were 249 chosen from the set of 15,000 SNP included in the simulation ac-250 cording to two population structure scenarios: "convergent" and 251 "divergent". In the convergent scenario, the QTL had similar allele 252 frequencies in both heterotic groups with a maximum absolute 253 difference of 0.05 (i.e., |p m − p f | < 0.05). This corresponds to a 254 newly formed hybrid breeding program before the establishment 255 of distinct heterotic groups (Melchinger 1999; Fischer et al. 2009 ). 256 In the divergent scenario, both populations had very different al-257 lele frequencies with a minimum absolute difference of 0.60 (i.e., 258 requirement was that loci used as QTL had to have a minimum 265 minor allele frequency of 0.025 in each heterotic group to ensure 266 that they were contributing to genetic variation. Within those 267 constrains, the 200 QTL were drawn at random.
268
They were then randomly separated into 100 two-loci pairs. 269 Each pair was assigned a matrix U describing the genotypic values. 270 On average, 5% of the loci were assigned to the additive and 271 another 5% to the additive by additive gene action models. The 272 dominance model was assigned to 10% of the pairs. The remaining 273 80% of pairs were assigned to the complementary and the duplicate 274 factor gene action models in equal proportion. Thus, on average 275 90% of the QTL gave rise to non-additive gene action effects that 276 affect F1 and F1:2 genetic values differently. Note, however, that 277 the latter three gene action models contain all types of gene action 278 effects, including additive and additive by additive.
279
The homozygous effects a (used for the additive and dominance 280 models) were drawn from a Normal distribution with mean zero 281 and standard deviation of 0.25/ √ 2/π (throughout, the Normal 282 distribution will be parametrized by its mean and standard devia-283 tion). Their absolute values then have an expectation of 0.25. The 284 heterozygosity gene effects d were drawn from N (|a|, |a| √ 0.6084), 285 resulting in an average degree of dominance of one, which is con-286 sistent with experimental results in hybrid crops (Gardner 1963; . For the additive by additive model, the value of z was 293 drawn from N (0, 0.25/ √ 2/π) and for the duplicate and comple-294 mentary gene action models from N (0, 1/ √ 2/π). The absolute 295 values of z thus have expectations of 0.25 and 1.00, respectively. 296 Those settings for the distributions of a, d, and z were chosen to en-297 sure that the various gene action effects have the same magnitude 298 in all gene action models. For example, with z = 1, a = d = 0.25 in 299 the duplicate and complementary gene action models and hence 300 equal to their expected values in the additive and dominance gene 301 action models. Gene action effects for arbitrary U can be calculated 302 with File S1 according to definitions by Holland (2001). Because 303 interaction systems among loci can rarely be cleanly assigned to a 304 particular model (Holland 2001), a small amount of "genetic noise" 305 was added to the elements of each U matrix. Those values were 306 drawn from a Normal distribution with mean zero and standard 307 deviation equal to (1/90Σ x Σ y |u xy |)/ √ 2/π. The mean absolute 308 of the mean absolute value of the elements of a particular instance 310 of U. All U matrices thus slightly deviated from their assigned 311 models of gene action and as a result, even pairs assigned the 312 simple additive model will give rise to small amounts of variation 313 due to dominance and epistatic gene action.
314
In-silico population of hybrids The genotypic values of all F1 hy-315 brids from the full factorial of 1, 000 × 1, 000 = 1, 000, 000 interpop- chosen in such a way that the broad sense heritability was 0.5.
342
This training set will also be refered to as F1 training set. The 
where y i is the scaled and centred phenotypic value of the i th (αδ) f i , respectively, and (δδ) i denote the dominance by dominance 367 interaction effects. Together, those effects constitute the SCA effect 368 of the i th hybrid combination. The residual associated with y i is 369 e i and was modelled as iid N (0, σ 2 e ). The other effects were 370 modelled by Multivariate-Normal distributions with mean vectors 371 of zero and covariance matrices defined as (2014a) except that these authors did not consider epistatic 391 effects. The model was fitted using the R package 'BGLR' (Pérez 392 and Campos 2014) and its default settings for prior distributions 393 and hyperparameters. A total of 1,000 samples were obtained from 394 a chain of length 100,000, with a burn-in of 50,000 and a thinning 395 interval of 50. The posterior means of the variance components 396 and of the intercept were used as point estimates.
397
Genomic prediction accuracy The performance of all F1 hybrids 398 from the full factorial was predicted using BLUP as C PT V −1 TT (y − µ) 399 following Henderson (1973), where C PT is the genetic covari-400 ance matrix of predicted and tested hybrid combinations and 401 V TT the phenotypic covariance matrix of the data. The elements 402 of C PT and V TT were computed according to Bernardo (1996) , 403 with the addition of the covariance matrices of epistatic effects 404 not considered there. Specifically,
α m etc., calculated analogously to the corresponding K TT α m etc. but 408 using additive relationship matrices A m PT and A f PT , which represent 409 the additive relationships of the parents of the 1,000,000 hybrid 410 combination to be predicted and the parents of the training set 411 hybrids. The normalization constants calculated previously were 412 
448
RESULTS
449
Theoretical models 450 The correlation between F1 hybrids and F1:2 bulks (cor hybrids ) was 451 mostly high (above 0.9) in the dominance ( Figure 3A achieved when none or only one of the loci were strongly diverged 460 ( Figure 4G ). The correlation between GCA effects obtained from 461 F1 or F1:2 (cor GCA , average across male and female correlations) in 462 the duplicate model followed a similar trend as cor hybrids (Figure 463 4B) but remained considerably higher also under extreme diver-464 gence. In the complementary model cor GCA was high and confined 465 to a narrow range, similar to cor hybrids ( Figure 4H ). The highest 466 values were observed when divergence was either similar at both 467 loci or very different. However, minimum and maximum values 468 were only marginally different. With just a single locus, cor GCA in 469 the dominance model is either 1.0 or 0.0, depending on the combi-470 nation of allele divergence and degree of dominance ( Figure 3B ). 471 More specifically, cor GCA = 0.0 is a result of the correlation being 472 1.0 in the population with higher allele frequency and −1.0 in the 473 other. Values of −1.0 are thereby observed within a narrow band 474 defined by particular combinations of allele divergence and de-475 gree of dominance. The genetic variance of F1 hybrids (σ 2 F1 ) in the 476 dominance model increased with increasing degree of dominance 477 and decreasing divergence ( Figure 3C ). In the epistatic models, it 478 decreased with increasing divergence at one or both loci (Figures 479  4C and 4I ). Under the dominance and complementary models, 480 the ratio σ 2 F1:2 /σ 2 F1 was below one throughout, indicating that F1 481 hybrids are expected to have a greater genetic variance than F1:2 482 bulks ( Figures 3D and 4J) . In the duplicate model the opposite 483 was the case, and σ 2 F1:2 could be considerably larger than σ 2 F1 when 484 allele divergence became extreme ( Figure 4D ). The proportion of 485 SCA to total genetic variance in the F1 hybrids (%sca F1 ) followed 486 similar trends as the total genetic variance under all models, i.e., 487 it decreased with increasing allele divergence and decreasing de-488 gree of dominance ( Figures 3E, 4E and 4K ). Finally was the ratio 489 %sca F1:2 /%sca F1 below one throughout for all three models, indicat-490 ing that relatively less genetic variation can be attributed to SCA 491 effects in F1:2 bulks than in F1 hybrids ( Figures 3G, 4G and 4L ).
492
Simulation results
493
Quantitative genetic parameters Because these parameters are not 494 affected by the heritability scenario, only results for the "constant 495 residual variation" scenario will be shown. The F1 hybrids had a 496 larger genetic variance than F1:2 bulks (Table 1) . The difference 497 between the two was relatively larger under the divergent heterotic 498 group structure, where σ 2 F1:2 was less than half of σ 2 F1 . Overall, 499 genetic variance was larger in the convergent structure than in 500 the divergent structure, for both F1 and F1:2. The proportion of 501 SCA to total genetic variation was larger in the convergent than 502 the divergent structure by almost 10 percentage points (Table 1) . 503 This quantity could only be assessed for the F1 hybrids for which 504 the full factorial was created. Finally, the correlation between F1 505 hybrids and F1:2 bulks was largest in the convergent heterotic 506 group structure and very close to 1.00 (Table 1) . However, this 507 correlation was with 0.91 very high in the divergent scenario, too. 508 I a True genetic variance of F1 hybrids (σ 2 F1 ) and F1:2 bulks (σ 2 F1:2 ) used in the training set b True proportion of SCA to total genetic variance (%sca F1 ) in full factorial (only measured for F1 hybrids for which full factorial was created) c Correlation (cor hybrids ) of true genetic values of F1 hybrids and F1:2 bulks in training set GCA prediction Under constant residual variation, the prediction 509 accuracy obtained from the F1 training set was higher than that 510 for the F1:2 training set throughout (Table 2) . Under a conver-511 gent heterotic group structure, the differences were small and did 512 not exceed 0.04 points. Differences under the divergent structure 513 were in the magnitude of 0.10 points. When the heritability of the 514 F1:2 bulk phenotypes was made equal to that of the F1 hybrids 515 (constant heritability scenario), the GCA prediction accuracy from 516 the F1:2 training set increased considerably and now was close to 517 (divergent structure) or even slightly higher (convergent structure) 518 than that of the F1 training set. (The heritability of the latter was 519 0.5 in both cases and so the accuracy values were not expected to 520 change.) Overall, prediction accuracy was higher for DH lines that 521 contributed to the training set ("tested") than for DH lines that did 522 not ("untested") and lower within families than across.
523
Hybrid prediction Under constant residual variation, the predic-524 tion of hybrid performance was more accurate when using the 525 F1 training set than for the F1:2 training set ( Table 3 ). The dif-526 ference between the two thereby was largest for the divergent 527 heterotic group structure, where it reached from 0.15 points for 528 T3 hybrids to 0.06 points for T0 hybrids. Under the convergent 529 heterotic group structure, the differences reached from 0.09 points 530 (T3) to 0.01 points (T0). With constant heritability the accuracy 531 of the predictions from the F1:2 training set increased markedly 532 and now were similar (divergent structure) or even slightly higher 533 I (convergent structure) than for the F1 training set. In general, the 534 performance of T3 hybrids was predicted with highest accuracy, 535 followed by T2, T1 and T0 hybrids. The prediction accuracy of 536 SCA effects was considerably lower than that of total hybrid per-537 formance throughout (Table 3) . Similar trends held, however, with 538 the exception that even under constant heritability the F1:2 training 539 set was considerably less accurate than the F1 training set.
540
DISCUSSION
541
Using F1:2 bulks for genomic prediction training sets and more 542 generally testcross and hybrid evaluation is an alternative when 543 production of large quantities of seed of F1 hybrids is expensive, 544 significantly increases the complexity of a breeding program or is 545 impossible altogether. The objective of this study was to assess the 546 promise of this approach from a theoretical point of view with the 547 help of quantitative genetics theory and stochastic simulation.
548
I particularly for the duplicate epistatic model ( Figure 4A ). Here, Secondly, does the generated variance decrease with increasing 572 divergence ( Figure 4C) . Thus, when a trait is influenced by both and degree of dominance ( Figure 3B ). An explanation for this phe-582 nomenon is provided in the supplemental file S2. For brevity it 583 should suffice here to state that for degrees of dominance below 584 one (i.e., partial dominance), the correlation is always +1 and that 585 very high degrees of dominance are required to reach this "band" 586 for low or moderate divergence of allele frequencies. As can be 587 seen from the example in File S2 (and from File S1) as well, loci 588 that exhibit this behaviour will contribute relatively little to the 589 variance of GCA effects in the affected heterotic group. Thus, to 590 have an impact on the overall GCA correlation, the vast majority of 591 loci controlling a complex trait must be within the specific combi-592 nations of allele divergence and degree of dominance defining this 593 "band" and the alleles increasing genotypic value must consistently 594 have a lower frequency in the same heterotic group. This seems 595 unlikely for a complex trait controlled by hundreds or thousands 596 of genes. The low contribution to GCA variance in the heterotic 597 group in which cor GCA is -1 also explains why cor hybrids remains 598 high even then.
599
The theoretical results show that to the degree that cor hybrids 600 (and cor GCA ) did decrease, it largely did so as a function of increas-601 ing allele divergence. This explains that cor hybrids was lower in 602 the divergent heterotic group structure, characterized by strong 603 differences in male and female frequencies of QTL alleles, than in 604 the convergent structure, where QTL alleles were constrained to 605 have similar frequency in both heterotic groups.
606
The observation that the genetic variance is lower among F1:2 607 bulks than among F1 hybrids (Table 1) is also in line with the 608 theory, which further predicts that this difference increases as 609 allele frequencies diverge. This again is observed in the simulation 610 results, in which the F1:2 had approximately 61% of the variation 611 of the F1 in the convergent heterotic group structure but only about 612 48% in the divergent structure. Duplicate epistasis again presents 613 somewhat of an exception, because here the F1:2 actually had a 614 larger variance than the F1 ( Figure 4D ) and the more so the more 615 the alleles diverged. As mentioned before, however, the weight of 616 loci with duplicate epistatic effects on determining overall genetic 617 trends for complex traits is considerably lower than that of loci 618 with other types of gene action.
619
Finally, the theoretical results show that the proportion of SCA 620 to total genetic variation in the F1 hybrids decreases with increas-621 ing interpopulation divergence for the dominance (Figure 3E ), 622 the duplicate ( Figure 4E ) and the complementary model ( Figure  4K ). This was also observed in the simulation, where the relative amount of SCA variation was almost 10 percentage points higher in 625 the convergent than in the divergent population structure scenario. tion divergence reduces the proportion of SCA variance when F1 and F1:2 training sets, however, were larger when predicting 684 tested DH lines than for untested ones (Table 2) , at least for the 685 "constant residual variation" scenario. Genomic predictions of 686 tested individuals (i.e., individuals contributing to the training set), 687 are strongly influenced by the phenotypic observations available 688 for them (Endelman and Jannink 2012; Müller et al. 2015). It can 689 be speculated that they are therefore more sensitive to differences 690 in F1 and F1:2 genetic values and the lower heritability of the lat-691 ter. Nonetheless, accuracy for tested DH was always considerably 692 higher than for untested DH. Each tested DH was not only repre-693 sented in the training set directly in the form of a hybrid progeny, 694 but also had 24 full-sib DH that directly contributed to the training 695 set as well. Previous studies demonstrated the positive effect on 696 prediction accuracy of direct observations (e.g., Endelman et al. The trends concern-699 ing accuracy of F1 and F1:2 training sets also held for within and 700 across family prediction. That the latter was considerably more 701 accurate was expected because it is largely driven by separation of 702 family means ( 
703
Genomic prediction of hybrid performance 704 Because GCA is an important component of total hybrid perfor-705 mance, similar trends were observed here. Namely that the pre-706 diction accuracy from the F1:2 training set was trailing that of the 707 F1 training set under constant residual variation but caught up to 708 or even exceeded it under constant heritability (Table 3) . Similarly, 709 the accuracy difference was larger for the divergent population 710 structure and for hybrids that were part of the training set (T3). 711 The explanations given above for GCA apply also here. That pre-712 diction for T3 hybrids was most accurate, followed by that of T2, 713 T1 and T0 hybrids, was observed in previous studies (e.g., Tech-714 now et al. 2014a; Zhao et al. 2015) and is a result of the decreasing 715 degree of relatedness between the hybrids in the four classes and 716 the training set. SCA represents higher order statistical effects 717 and is therefore estimated with greater error than the GCA effects 718 contributing to hybrid performance (Technow et al. 2012; Kadam 719 et al. 2016). Their accuracy was therefore considerably lower than 720 that of GCA effects (compare the "across population" section of 721 Table 2 with Table 3 ). Because it is relatively less important with 722 divergent heterotic groups, the lower accuracy of predicted SCA 723 effect will matter less for determining total hybrid performance, 724 which consequently was predicted with greater accuracy than in 725 the convergent scenario. Brunson 1932). A major advantage is that field testing is twice 735 as efficient because testcross hybrids are informative for both het-736 erotic groups, meaning that the same number of individuals can 737 be tested with half the resources (e.g., 1,000 instead of 500 total 738 hybrids would have been required to represent 500 male and 500 739 female DH if a topcross design would have been used). The other 740 advantage is that when the crosses are made at random, they com-741 ply with the assumptions of a gene-orthogonal population (Schnell 742 1965) thus facilitating unbiased estimation of random GCA and 743 SCA effects and their variances. The training set used in this study 744 was constructed in this reciprocal fashion by directly pairing male Falconer, D. S. and T. F. C. Mackay, 1996 Introduction to quantitative genetics. Pearson, fourth edition. 
